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By R.E. Reinke* and C.F. Reinhardt*

Fires, toxicity, and plastics

The only uniform features in the toxicology of

burning plastics are those of the toxicology of

fire: heat, carbon monoxide, deficiency of oxygen,
other combustion gases, and smoke. The hazard from
combustion or thermal decomposition of plastics
should be compared under equivalent conditions

with that of wood or other appropriate materials.

This comparison provides a basis for present
assessment of hazard pending a more standardized
evaluation anticipated in the future.

A technical feature
Gordon M. Kline, technical editor

In considering the toxicity of the combustion products of
plastics, we must consider the toxicology of fire, since this
is common to all fires, regardless of the material being
consumed. In any real fire situation, the toxicology of fire
assumes primary importance. Broadly speaking, toxicity
refers to the potential for harm arising from the action of
specific chemicals or other agents on living tissue.

The major causes of death or incapacitation in fires have
been identified by several investigators (1-3)%. In a given
fire, more than one or even all of these factors may be in-
volved: 1) heat, by destruction of tissue (direct burns) or
thermal shock; 2) carbon monoxide; 3) deficiency of oxy-
gen; 4) other gases; 5) smoke; 6) panic or emotional shock
(indirect). This last factor can be more serious than the ac-
tual fire, as in a recent evacuation where 31 people were
injured, most of them from landing on top of one another
(4). The physiologic stress of panic or shock can also ag-
gravate any injuries from other causes. However, panic or
fear is not an intrinsic part of the fire situation, thus it is
not primarily involved in the toxicology of fire.

Direct burns. Heat that destroys tissue is obvious as a
cause of immediate death. Burns of over 50% of the body
surface are frequently fatal. especially in children and
older people (5), and deep burns of only 10% of the body
can be disabling (6). However, “it is generally recognized

. .that many, if not a majority, of those who succumb in

building fires are not seriously burned and that death or

.-trauma must be due to other factors” (3).

Thermal shock. Heat disseminated beyond the area of
the actual flames is considered the primary cause of death
in well-ventilated fires where there is a good supply of ox-

. ygen. Combustion in excess oxygen generates carbon diox-
ide (COg), water, and more heat, which in turn promotes
. more combustion. The amount of heat that develops dur-
ing a fire is a function of the caloric or heat-yielding value

*Du Pont Co., Haskell Laboratory for Toxicology and industrial Medicine.
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Based on a paper presented at a meeting of the National Fire Protection
Assoc., May 1972,
I~Numbers in parentheses designate references at end of article.
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of a given substance, the amount of a combustible mate-
rial, and the rapidity with which the reaction takes place
(3). Petroleum products, for example, have a high caloric
value that can readily result in a lethal generation of heat.
Wood has a relatively high level of combustion but is low
in comparison with kerosene or coal.

Temperatures in ordinary building fires can quickly
climb beyond the usual tolerable limit of 150 to 160° F. In
a series of experimental fires started on the first floor, the
heat in a second floor bedroom was intolerable within
about 2 min. when the bedroom door was open and within
9 to 12 min. when the door was closed (3). In high-rise
buildings, where a self-contained fire can reach massive
proportions, fires have been reported to reach tempera-
tures of 1500° F. (7). Available protective equipment is
grossly inadequate under such circumstances, and heat is
perhaps the most uncontrollable factor in fires today.

Carbon monoxide (CO). In poorly ventilated fires, where
the supply of oxygen is not plentiful, combustion is incom-
plete and the end products are CO, water, and less heat.
Also, other toxi¢ gases can be formed depending on the
nature of the material being burned. Of all the gases gen-
erated from natural or synthetic materials, CO produces
the most deaths in real fire situations (1). CO is insidiously
toxic: it is a colorless, ddorless gas primarily absorbed
through the respiratory tract, although absorptior through
uncovered skin has been demonstrated experimentally. In-

Table I: Physiological response
to carbon monoxide

COin atm., % Response

0.01 Allowable exposure for several hours
0.04-0.05 No appreciable effect after 1 hr.
0.06-0.07 Just appreciable effect after 1 hr.
0.1-0.12 Unpleasant after 1 hr.

0.15-0.2 Dangerous when inhaled for 1 hr.

0.4 Fatal when inhaled for less than 1 hr.
1 Fatal when inhaled for 1 min.

Table 11: Physiological effects of reduced
atmospheric oxygen levels

0, in atm., % Response
21 None
17 Impaired muscular coordination:
increased respiratory rate
12 Dizziness, headache, rapid fatigue
9 Unconsciousness
6 Death in 6 to 8 min.
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S o cuifide (HgS)

Toxic by itself only in high
concentrations, but stimulates
respiration; 3% concentration
doubles lung ventilation

Strong pulmonary irritant
capable of causing immediate
death as well as delayed injury

‘Characteristic odor and
unbearable irritating effects at
sublethal concentrations would
probably give adequate evidence
of its presence’ (8)

A rapidly fatal but flammabie
asphyxiant poison. No known
toxicity in real fire situations

Over-all, ‘the HCI generated in
fires is probably not a serious
threat to life unless one is
unable to move from the area of
generation’ although in one
reported instance fire injuries
were attributed to exposure to
HCI (8)

Deaths reported in connection
with fire use of carbon
tetrachloride. No known effects
from small amounts generated
from combustion of other sources

‘In most cases, warning of the
presence of a toxic halide wouid
be given by the sharp odor and
noticeable irritating action on
the respiratory tract’ (8)

A strong irritant intolerable well
below lethal levels

An irritant capable of causing
systemic poisoning. Flammable.
Characteristic rotten-egg odor at
very low concentrations,
olfactory fatigue possible at
higher concentrations

.5 car be letha! in sufficient concentration.
< wie siwations, combustion gases except for
ide would be expected to act as a contributory
“hary cause of death or incapacitation.
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chain is extended, as shown in the case of polyethylene:

N L
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Several hundred

or
thousand units

Combustion of polymers causes the molecular chain to
break and decompose into oxidized fragments as illus-
trated in Table IV. In real fire situations, the fire often in-
cludes a combination of well-ventilated and poorly-venti-
lated areas of different temperatures, and the combustion
products vary accordingly. Although the toxicology of
polymer combustion products is extremely complex, one
practical approach is based on experimental animal data,
which include comparable testing of natural and synthetic
polymers. Data from several of these studies (12-14) are
tabulated in Table V. .

From a flammability standpoint, the most hazardous
plastic is cellulose nitrate (15), which thermally degrades
into oxides of nitrogen and carbon monoxide. In the case
of Celluloid, another toxic factor may be the camphor
plasticizer. Consumer use of Celluloid is generally regu-
lated today in recognition of the fire hazard.

Analytical determinations of pyrolysis products provide
another means of comparing the combustion hazards from
synthetic and natural polymers. An understanding of the

" toxic mechanism involved can be achieved when these

data are coordinated with biological data. Also, it may be
possible to assess the hazard from a particular pyrolysis
product in terms of both familiar and new parent poly-
mers. Table VI lists the results obtained when 20-mg. sam-
ples of various materials were pyrolyzed in a liter flask
containing air or nitrogen and the resultant products
analyzed for HCN (16). The authors comment that
“apparently polyurethane foam does not produce more
hydrogen cyanide than do many other natural and syn-
thetic consumer products. . (and) that it is difficult to un-
derstand why cotton and paper produce HCN on pyrolysis
unless nitrogen fixation is assumed. If this be the case,
apparently some oxidation is necessary for nitrogen fix-
ation, since less cyanide is produced in atmospheres con-
sisting originally entirely of nitrogen.”

In another investigation, experiments were conducted
with the combustion products generated from the burning
of various building materials and also with varying combi-
nations of Oy, CO, and CO; at different temperature levels
(17). When mice were exposed in this experiment, the in-

Table IV: Polymer fires

@

Type of fire Combustion products

Well ventilated Heat - carbon dioxide 4
water 4 varying complex of
oxidized fragments

Carbon monoxide 4 heat +
water 4 varying complex of
- semi-oxidized fragments

Poorly ventilated
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Table V: Tozicity results from
thermodegradation products ¢f polymers

Part 1: Series of 15-min. exposures vi.ing 3 g. of foamed materials, 30

g. of all other inaterials. Pyrolysis te-nperatures up to 1364°
Material

F. (12).

Mortality for micea

Polystyrene rigic foam (A or B)
Phenolic rigiz foam
Wood-wool ce:ment board
Acrylic rigid shest

Wood (cedar}

Fire-retardarm. plywood
Melamine laminate

Poiyvinyl chloride rigid sheet
Polyurethane: rigid foam

Part 2: Series of exposures (13):

No. 1. 6-hr. exposure, 4.7 to 5.5-g. sample.
No. 2. 6-hr. exoosure, 5.7 to 6.8-g. sample.
No. 3. 10-min. exposure, 2.0-g. sample.

0/10
0/5
1/5
4/5
5/5
5/5
5/5
5/5
5/5

Mortality for ratsa

No. 1,392° F. No. 2,482° F. No. 3, 1040° F.
Polyurethane A ) 0/4 174 0/2
Polyurethane B 0/4 1/4 0/2
Polyurethane C 0/4 0/4 0/2
Neoprene 0/4 174 0/2
Rubber latex 0/4 4/4 0/2
Polyvinyl chloride 2/4 1/2

Part 3: Series of 30-min. exposures, 5-g. samples (14).

Mortality for ratsa

572° F. 752° F. 932° F. 1112° F.
Polystyrene A 0/12 0/12 0/18 11/12
Polystyrene B or C 0/24 0/24 25/42 24/24
4 other PS 0/48 0/48 48/48 48/48
Expanded cork 0/12 5/18 12/12 12/12
Rubber 0/12 12/12 12/12 12/12
Wool 2/12 12/12 12/12 12/12
Pine wood 3/12 12/12 12/12 12/12
Felt 6/12 12/12 12/12 12/12
Leather 12/12 12/12 17/18 11/12

Part 4: Series of 30-min. exposures, 5-g. samples (14).

Mortality for rats2

392°F. 572°F. 752°F. 932°F. 1112°F.
Polyethylene 0/12 0/12 12/12 12/12 12/12
Fir 0/12 13/18 12/12 12/12 12712
PVC 0/12 10/12 11/12 12/12 12/12
Celluloid 12/12 12/12 12/12 12/12 12/12

a—Mice or rats exposed te products resulting from pyrolysis temperatures
indicated. Figures in table show ratio of number of mortalities to number
exposed. All temperatures have been converted to °F.
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dication was an increase in over-all toxicity from the com-
bustion products compared to the combinations of the pre-
viously studied variables (O., CO, CO., and heat). A
number of qualitative and quantitative analyses were done
in order to define and control exposure conditions, and se-
lected data are shown in Table VIL. '

To be realistic, the toxicology of polymer combustion
must be based on biological data obtained from combus-
tion of the actual polymer. Extrapolation of data gener-
ated elsewhere may result in either an under- or over-
estimate of toxic potential. In a real fire situation, the toxic
potentjal is the sum, either additive or synergistic, of all
the vdrious causes of death or incapacitation that may be
present.

Thermal degradation of polymers probably dates from
the first wood fire when obvious benefits overshadowed
potential harm. The toxicology of thermal degradation de-
veloped slowly, but recent years, particularly the last de-
cade, have seen an increasing awareness of the need for re-
search support, generation of valid data, and a meaningful
estimate of toxicity (18-20). The concept that no one test is
adequate to characterize the fire hazard of a given material
has now been recognized. Unfortunately, standardized
tests that include biological evaluation of combustion

Table VI: Hydrogen cyanide (HCN)
measured in pyrolysis products

HCN, pg./g. sample

Material Air Nitrogen
. Paper 1100 182
Cotton 93; 130 ) 85
Wool 6500 5900
Nylon 780 280
Polyurethane foam 1200 134

Table VIi: Analysis of combustion products
generated by burning building materialsa

Gas component, parts/million

Materials co CO, HCN NO, COCl, HCI
Red oak 13,600 93,000 35 10 0
Douglas fir 9,400 56,000 30 Trace 4 0
Red oak 11,000 100,000 55 Trace 0.5 0
Douglas fir — 9,000 1 0 0

Douglas fir - —_ 0.5 Trace 0

Dougias fir 1,850 20,000 5 0 o] 0
Douglas fir 12,000 2 0 0 0
PVC rigid pipe 1,500 100
Vinyl asbestos tile 300 10,000 10 0 0 0

a-Materials were burned in an ASTM E-84 tunnel furnace under varying
conditions of ventilation. Samples from the combustion products stream were
collected and then analyzed by colorimetric tubes, or with infrared analyzers
when CO or CO, levels were beyond the range of the available indicator tubes.
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products are not available at present, although a multitude
of tests exist (21). Procedures and criteria have been pro-
posed (19-21). Future work on standard tests must include

-evaluation, formal acceptance, and practical experience.
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